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Objective. This paper illustrates the evolution of our knowledge of the arterial pulse from ancient times to the present. Several
techniques for arterial pulse evaluation throughout history are discussed. Methods. Using databases including Worldcat, Pubmed,
and Emory University Libraries’ Catalogue, the signiﬁcance of the arterial pulse is discussed in three historical eras of medicine:
ancient,medieval,andmodern.Summary. Techniques usedovertimetoanalyzearterial pulseanditscharacteristics haveadvanced
fromsimpleevaluationby touchto complexmethodologiessuchasultrasonographyandplethysmography.Today’s understanding
of the various characteristics of the arterial pulse relies on our ancestors’ observations and experiments. The pursuit of science
continues to lead to major advancements in our knowledge of the arterial pulse and its application in diagnosis of atherosclerotic
disease.
1.Introduction
“Abu Ali placed his hand on the patient’s pulse,
and mentioned the names of the diﬀerent dis-
tricts and continued until he reached the name
of a quarter at the mention of which, as he ut-
tered it, the patient’s pulse gave a strange ﬂutter.
Then Abu Ali repeated the names of diﬀerent
streets of that district and diﬀerent houses till
he reached the name of a house at the mention
of which the patient’s pulse gave the same
ﬂutter. Finally, he uttered the name of diﬀerent
households of that house until he reached a
name at the mention of which that strange
ﬂutter resumed. Thereupon he said: This man is
in love with such-and-such a girl, in such-and-
such a house, in such-and-such a street, in such-
and-such a quarter: the girl’s face is the patient’s
cure” [1].
The above paragraph about Abu Ali Ibn Sina, known by
his Latinized name Avicenna, a Persian scholar and a promi-
nent physician of the Middle Ages, illustrating what was
called “the quickenedpulse of a lover” shows how physicians
used the arterial pulse to diagnose certain illnesses in the
medieval times. The simplicity of its evaluation had drawn
even ancient physicians’ attention to itself. Physicians of
antiquity used the examination of the pulse not only for
diagnosis, but also as an indicator of prognosis.
This paper will review the history of the assessment of
pulsefromancienttimestothepresent.Thediﬀerentmetho-
dologies for evaluation of arterial pulse characteristics will
also be discussed brieﬂy during three diﬀerent historical
eras of medicine, namely, ancient, medieval, and modern
medicine.
2.Ancient Medicine
2.1. Indian Medicine.
“Immediately after pressing the pulse just below
thehand joint,ﬁrstly, thereisaperceptionofthe
beating of bayu; secondly, or between bayu and
kaph, there is the perception of pitta; thirdly or
the last, the perception of the beating of slesma
or kaph is gained” [2].
This passage describes the examination and interpreta-
tion of the arterial pulse by ancient Indian physicians. Sage2 Cardiology Research and Practice
Kanada (600 BCE), an ancient Indian physician, alchemist,
and philosopher, in his book, “Science of Sphygmica”, de-
scribes a variety of pulses during diﬀerent physiological and
pathological states. Based on his theory, each pulse has three
stages, abnormality in any of which reﬂects diseases of three
main humours of the human body, bayu/vata (air), pitta
(bile), and kaph/kapha (phlegm) [3].
Ayurveda (knowledge of life) is an ancient medical sci-
ence that has been originated in the Indian subcontinent and
has been practiced since the time of Buddha (500 BCE). The
examination of the pulse is an integral part of Ayurvedic
medicine. Eight parts of a patient’s body are described for
physical examination, the ﬁrst one being the arterial pulse
[4]. A full description of the methodology of pulse exami-
nation has been described in three categories related to the
examiner, the examined, and to the method of examination.
A special method was introduced for counting pulse rate
in Ayurvedic medicine. Heart rate was counted per “pal”
withevery2.5palmakingaminute.M oreover ,diﬀerentpulse
rates were described for diﬀerent age groups in the Ayurveda
[5].
2.2. Chinese Medicine. Arterial pulse was studied in China
about two and a half thousand years ago. It was ﬁrst men-
tioned in the “Internal Medicine Classics, Nei Ching”. This
manuscript is reported to be written by the Yellow Emperor,
Huang Ti (698–598 BC). The principal means of diagnosis
employed in the Nei Ching is the physical examination of
the arterial pulse. The theory of the pulse is based upon the
various stages of interaction between Yin (disease) and Yang
(health).
The ancientChinese physicians had to developthe ability
and skill to judge the state of disease—its cause, duration,
and prognosis—by the volume, strength, weakness, regular-
ity, or interruption of the four main varieties of pulse beats
(superﬁcial, deep,slow, and quick)[6]. The examination was
performed on both wrists, and the best time for examination
was early in the morning, in that Yin and Yang were believed
tobeinbalance[7].Thephysicianwould judgethepulserate
based on the ratio between the beating pulse and respiration,
four beatstoonerespiration beingnormal. The arterial pulse
in ancient China was divided into three parts: inch (the one
closest to the hand), cubit (the one further up in the arm),
and bar (the one in between). Each of the pulse locations
in each arm would represent the condition of two diﬀerent
organs of the body [8].
2.3. Egyptian Medicine.
“There are canals (or vessels) in it (the heart)
to every limb. Now if the priests of Sekhmet or
any physician put his hands (or) his ﬁngers on
the head, on the hands, or his ﬁngers on the
back of the head, upon the two hands, upon the
pulse, upon the two feet, he measures the heart,
b e c a u s ei t sv e s s e l sa r ei nt h eb a c ko ft h eh e a d
and in the pulse; because itspulsation is in every
vessel of every member” [9].
The quotation above suggests that the relationship be-
tween the heart beat and the peripheral circulation was
conceptualized in ancient Egyptian medicine [10]. It was
thought thatthe arteries containair, yetthe whole conceptof
circulation was unknown [11]. It was also believed that there
are twovascularsystems in thehumanbody: theveins, which
carry the productsof digestion from the digestive tract to the
whole body and the arteries, which carry pneuma (air) from
lungs to other organs. Accordingto this system, the structure
of the heart was inadequately explained. The left side of the
heart was accounted for drawing the pneuma from the lungs
and pumping it into the arteries of the rest of the body [12].
2.4. Greek Medicine. The word “artery” originated from the
Greek word “αρτηρ´ ια” which seems to be derived from the
word “αηρ”w h i c hm e a n sa i r[ 13]. The examination of the
pulse was also described and deﬁned in the Hippocratic
writings. Despite Hippocrates (375 BC) being reported to
describe the characteristics of the arterial pulse in several
conditions such as fever and lethargy in his book on humors
[14, 15], it was Praxagoras of Kos (340 BC) who was the
ﬁrst physician credited for examining the pulse in ancient
Greek literature [16]. Praxagoras discovered that pulsation
only occurs in the arteries, not in the veins [17]. His student,
Herophilus (335–280 BC), was the ﬁrst to describe pulsus
caprizans, similar to the leap of a goat, an unusual type
of pulse with two phases, an initial stroke followed by a
stronger one. Another renowned physician of antiquity was
Erasistratus (304–250 BC), a contemporary of Herophilus,
who was mentioned by Galen as coming very close to the
understanding of circulation [16]. Erasistratus stated that
the heart and arteries do not move at the same instant,
t h ea r t e r i e sd i l a t ew h i l et h eh e a r tc o n t r a c t s ,a n dv i c ev e r s a .
He had recognized that the motion of arteries follows the
contraction of the myocardium. Furthermore, Erasistratus
explained correctly the dilation of the arteries as a passive
expansion of the vessel yet incorrectly assumed that this was
caused by the moving of pneuma along the course of the
arteries. He and his contemporary physicians (Herophilus
and Praxagoras) believedthat arteries contain pneuma,w h i l e
veins contain blood [18]. However, how the pneuma reaches
the heart and arteries is not explained in any of the writings
of this era [17]. Herophilus believed that dilation of the
arteries draws in pneuma from the heart and contraction of
the arteries moves it forward and this interplay generates the
arterial pulse. In addition, the arterial pulse was thought to
be inherent to the arteries and totally diﬀerent from that of
the heart [17]. This theory was believed until Galen, when
arteries were discovered to contain blood in addition to air
[19].
Herophilus was the ﬁrst to compare the pulsation of
blood vesselstomusical rhythm and thistheory had an enor-
mous impact on both medical and musical literature until
the late middle ages and the Renaissance. Upbeats and
downbeats were the units Herophilus used to establish a
basic analogy between musical rhythm and pulse rhythm.
Herophilus deﬁned the “perceptible time” as the interval of
time in which the artery of a newborn would dilate. ThisCardiology Research and Practice 3
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Figure 1: Clepsydra or Greek water clock: a portable water clock
used by Herophilus for the purpose of arterial pulse examination.
This water clock was capable of containing a speciﬁed amount of
water for natural pulse beats of every age.
perceptibletime becamethebasicunit bywhich thelengthof
each contraction and dilation was measured, and hence the
basic unit by which the pulse rhythm was established [17].
The most interesting part of Herophilus’ clinical interest in
the pulse is his unique construction of a portable water clock
or clepsydra (Figure 1) which he used on his medical rounds
to examine the pulse of his patients. This water clock would
contain a speciﬁed amount of water for natural pulse beats
ofeach age. AlthoughHerophilusrecognized the importance
ofdetermining the pulse rate, his followers failed to continue
hisstudiesinthisrespect, andthereisrarely mentionofpulse
rate until the ﬁfteenth century.
Archigenes (98–117 CE) discovered the dicrotic pulse as
quoted by Horine [16]. It was thought by physicians of the
Galenicerathatthepulsehas many variations, each variation
carrying diagnostic or prognostic signiﬁcance. Archigenes
described each arterial pulse as having four characteristics
(length, depth, breadth, and speed) and believed that these
could be separated by careful palpation [17].
Galen (129–200 CE) thought that the dilation of the
artery might be unequal on all sides and a variety of pulses
could be felt based on the degree of dilation on each side.
For instance, there could be a full upward dilation with a less
lateral dilation making a high and narrow pulse. Likewise,
there could be a full lateral dilation and a smaller one
upward, resulting in a low and broad pulse. He described
several types of arterial pulse such as saw-edged pulse, undu-
lating pulse, and worm-like pulse. Other types of arterial
pulsation in diﬀerent temperatures or illnesses including hot
pulses and cold pulses, the pulse of pain, inﬂammation,
lethargy, convulsions, jaundice, and even of elephantiasis are
describedbyhim[16].UnlikeErasistratus, Galenarguedthat
thedilationandcontractionofboththeheartandthearteries
are simultaneous. At the time of ventricular systole, the
arteries arecontractedtoo,andatthetimeofdiastoletheyare
expanded [20]. Galen described twenty-seven characteristics
for a single beat of pulse based on its size, speed, and
frequency. Galen’s observation of the double-hammer pulse
is interesting. He described it quite diﬀerent from pulsus
caprizans as having no interruption between two phases
of dilation, the two phases being diﬀerent in size with the
second much smaller than the ﬁrst [20]. To describe in any
further detail all the diﬀerent types of pulses distinguished
b yG a l e ni sf a rb e y o n dt h el i m i t so ft h i sp a p e r .T h ep r i n c i p a l
work dealing with the pulse as such is his treatise in four
books entitled “De Pulsuum Diﬀerentiis” [21].
3. Medieval Medicine
Arterial pulse continued to be one of the most important
diagnostic and prognostic signs in medieval medicine. As
an example, arterial pulse was mentioned to be valuable
in prognostication of epilepsy. A medieval physician who
felt the particular pulse of a patient suﬀering from epilepsy
would project that the patient would have a seizure at some
point during the natural course of the illness [22].
Avicenna (981–1037 CE) like his predecessors believed
that health was based on the interplay of four diﬀerent
humours—blood,phlegm,yellowbile,andblackbile[23].In
his treatise on pulse, Avicenna attributed the quality of pulse
to the interaction of these four humours. Like Erasistratus,
Avicenna thought that the contraction and dilation of
both heart and arteries were simultaneous. Furthermore, he
believed that arteries contain both blood and pneuma [23].
Following ancient Greek physicians, he also believed in four
diﬀerent movements in arterial pulsation: two movements
and two pauses after each movement. However, unlike Galen
he argued that the pause following each dilation to be
diﬃcult to perceive. He categorized the pulse based on its
diﬀerent characteristics and described diﬀerent pulse modes
in each of these categories:
(1) the size of dilation: strong, weak, and intermediate,
(2) the duration of each movement: short, long, and
intermediate,4 Cardiology Research and Practice
(3) the duration of the pause: hurried pulse, sluggish
pulse, or intermediate pulse,
(4) the temperature of the pulse: hot, cold, or intermedi-
ate,
(5) the compressibility of the artery: easily compressible,
incompressible, and moderately compressible,
(6) the fullness or emptiness of the artery: full of hu-
mour, containing no humour, and intermediate,
(7) the equality or inequality of force in consecutive
beats,
(8) the regularity of the rhythm: regular or irregular
(irregularly regular and irregularly irregular).
This classiﬁcation is similar to what we know currently of
the arterial pulse characteristics in arrhythmias such as atrial
ﬁbrillation. He described the irregularity both in a single
pulsation and in a succession of pulse beats. In terms of
irregularities of a single pulse beat, he described premature
a n dd r o p p e db e a t s[ 24].
Avicenna came close to a general understanding of the
various arrhythmias based onthe characteristics of the pulse.
He described diﬀerent pulses similar to the pulses being
observed in arterial and ventricular arrhythmias [25]. He
categorized the arterial pulse more thoroughly than his
ancestors. Moreover, he explained three main factors—vital
power, resistance, and elasticity—to be of importance in
making the size of a pulse beat. This was the ﬁrst time
that concepts like resistance and elasticity were deﬁned in
a physiological manner [26]. In describing diﬀerent pulse
rhythms, Avicenna also compared pulse rhythms to musical
rhythms [27].Thisbeliefthatmusicisinherentinthebeating
of the pulse was widely believed throughout the Middle Ages
[28]. He described several types of pulses in diﬀerent age
groups and in both genders. Likewise, he revoked diﬀerent
pulses during diﬀerent physiological and pathological states.
The mouse-tail pulse described by Avicenna is similar to
what is known as “pulsus alternans” secondary to weakened
myocardium. Undulating pulse, dicrotic pulse, and vermic-
ular pulse are a few examples of diﬀerent types of pulse
that were described by him [29, 30]. Based on Avicenna’s
observations and descriptions of the arterial pulse, it is
conceivable that he understood the pulse as a wave, rather
than an impact generated by a cylindrical tube, a basic
concept that is the foundation for the studies on the pulse
wave in modern medicine.
“The pulse which is very abnormal and totally irregular
demonstrates that the cause for its abnormal condition
migrates”.
ThisquotationfromMosesMaimonides(1135–1204CE)
one of the most eminent physicians of the Middle Ages
clearly shows that Maimonides understood various arrhyth-
mias based on his ﬁndings of the pulse. Similar to his pre-
decessors, he attributed these irregularities to the abnormal
constitution of the humours of the heart. Furthermore, he
correlated the arterial pulse rhythm with the severity of
illness, with more severe illnesses having more irregular
pulses [31]. He especially, described the arterial pulse of
patients with ascites to be hard and small; however, that of
patients with anasarca to be of a ﬂuttering nature [31].
From the days of Hippocrates to the thirteenth century,
physicians generally believed that the human heart consisted
of four chambers. The lower chambers, the ventricles, were
thought to contain blood and the upperchambers to contain
air.Itwasbelievedthatwithporesbetweenthetwoventricles,
venous blood coming from the liver would mix with the air
coming from the lungs to make the vital pneuma ﬂourishing
t h ee n t i r eb o d yt h r o u g ht h ea r t e r i e s .I tw a sI b na l - N a ﬁ s
(1213–1288 CE) who discovered the pulmonary circulation
of blood. He contradicted the theory of invisible inter-
ventricular pores of Galen and others and introduced the
pulmonary circulation to medicine [32]. Ibn al-Naﬁs in his
commentary on the anatomy of the Canon, describes the
blood to ﬂow from the right chamber of the heart to the
lungs via the pulmonary artery, then spreading through the
lungs and becoming intermingled with air to create the vital
spirit, ﬂowing to the left chambers via the pulmonary veins
and subsequently to the entire body [33–37].
4. Modern Medicine
“When I ﬁrst tried animal experimentation for the purpose
of discovering the motions and functions of the heart by
actual inspection and not by other people’s books, I found
it so truly diﬃcult that I almost believed with Francastorius,
that the motion of the heart was to be understood by God
alone. I could not really tell when systole or diastole took
place,orwhenandwheredilatationorconstrictionoccurred,
because of the quickness of the movement. In many animals
this takes place in the twinkling of an eye, like a ﬂash of
lighting. Systole seemed at one time here, diastole there,
and then all reversed, varied and confused. So I could reach
no decision. Finally using greater care every day, with very
frequent experimentation, observing a variety of animals, I
felt my way out of this labyrinth, and gained information,
which I desired, of the motions and functions of the heart
and arteries...”[ 38].
Fromthe 13thuntil the16th century, when William Har-
vey (1578–1657 CE) discovered the greater circulation, there
was no major advancement in the understanding of the
physiology of the arterial pulse and circulation. Harvey fully
described the circular blood ﬂow in the body from the heart
to the extremities via arteries and from extremities back to
the heart via the venous system [39].
Although the arterial pulse had been an integral guide to
reachadiagnosisinantiquityandmedievaleras,generalcon-
cepts of its generation were misunderstood. Both the heart
andthearterieswerethoughttohavetheirownpulsationand
to contract simultaneously. It was thought before Harvey’s
dogma-shattering observations that the arterial pulse is the
result of an active force generated in the arterial surface. It
was William Harvey who for the ﬁrst time attributed the
generation of the arterial pulse to the contraction of the left
ventricle and found the source of the heart beat in the right
atrium. He contradicted his forefathers, Galen and Vesalius,
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wall and with his meticulous observations attributed the
generationofthe arterial pulse toapassive dilationcausedby
the blood inﬂow [40, 41] and compared this passive dilation
of the arteries to the process of inﬂating a glove by blowing
air into it [42, 43]. Furthermore, for the ﬁrst time in the
history of medicine, Harvey described the arteries and veins
to contain nothing but blood [44, 45].
These major discoveries were made with the aid of his
meticulousexperiments onbothhumansand animals. In the
“Anatomical Studies on the Motion of the Heart and Blood”
hecomprehensivelydescribedhisexperimentsonavarietyof
animals such as snakes, frogs, snails, shell-ﬁsh, and ﬁsh [46].
A series of his examinations on the arterial pulse by applying
a ligature to the upper extremity clearly shows that Harvey
thought of the arterial pulse as a wave and not just an impact
[47, 48]. This conceptualized idea founded on hypothesis-
driven and methodological experimentation paved the path
for studies of the pulse wave into modern times.
Quantitative hemodynamic measures like stroke volume,
cardiac output, ejection fraction are described by him for
the ﬁrst time in the history of medicine [49]. It is evident
that his insight into these physiological measures introduced
more quantitative rather than qualitative observations into
medicine, facilitating more revolutionary discoveries at a
faster pace.
By taking a closer look at Harvey’s description of the
blood circulation, it will become obvious that nothing was
known about the capillaries at that time except from an
earlier description ofthe capillaries by Moses Maimonides as
the narrow transits communicating arteries with veins. This
observation came to the actual discovery of the capillaries by
MarcelloMalpighi,aprofessorofanatomy intheseventeenth
century [50].
In regard to assessing the frequency of the pulse, the
ﬁrst physician who counted the pulse rate was Herophilusby
using his clepsydra. After Herophilus and until the ﬁfteenth
century,there isno indication that thepulse rate wasactually
counted. It is reported that the writings of Bishop Nicholas
of Cusa (1401–1464 CE) contains the earliest mention of
counting the pulse though the method is not of the kind we
use at present time [51]. Pulse rate was compared between
a sick and a healthy individual based on the weight of the
water ﬂowing from a water clock’s narrow aperture into its
basin. One hundred pulse beats were counted in diﬀerent
individuals, and the weight of the water ﬂowing to the
basin was compared between them making the judgment
of health and sickness possible [52]. Galileo’s discovery of
the pendulum in the early seventeenth century led to the
invention of pulsilogy by Santorio Sanctorius (1561–1636
CE).This deviceconsistedof ascaleofinches andacordwith
a movable weight marked with a transverse line (Figure 2).
The physician would move the pendulum and note the pulse
with his ﬁngers. If the pendulum moved faster than the
pulse, the physician would lengthen the line and vice versa
until they would coincide, thus showing the pulse rate as the
number of inches [51].
A century after the invention of the pulsilogy, John Floyer
(1649–1734 CE) counted the pulse rate as we measure it
today. He is credited as the ﬁrst physician to use a pulse
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Figure 2: Pulsilogy of Sanctorius: this device consisted of a scale of
inches and a cord with a movable weight marked with a transverse
line. The physician would move the pendulum and note the pulse
with his ﬁngers simultaneously. Then, the physician would change
the length of the line until the speed of the running pendulum
would coincide with the pulse rate, thus showing the pulse rate as
the number of inches.
watch that would run for sixty seconds to count the pulse
[53, 54]. After Floyer’s introduction of the modern pulse
count, physicians started to record their observations in
their daily practice based on the number of pulse beats per
minute.
Bryan Robinson, an Irish physician (1680–1754 CE),
studied the pulse rate in diﬀerent times during a day, and in
people with diﬀerent heights [55]. Jean Senac (1750–1770
CE), after studying one hundred soldiers, six feet in height,
reported that the normal pulse rate ranges from 60 to 90
beats per minute [16]. Other observations were also made
such as observations reporting the pulse rate to be a multiple
of twelve [56], and those reporting the pulse rate to increase
with age [57]. William Falconer (1744–1824 CE) in his
great work called “Observations Respecting the Pulse” made
numerous tables by which the degree of fever might be
determined based on the proportion of the accelerated to the
normal pulse[58].The number ofthepulsebeatsperminute6 Cardiology Research and Practice
Figure 3: Herrison’s sphygmometer: this device was composed of a
graduate glass tube containing mercury with a semiglobular ball at
one end. With the semiglobular end being placed over an artery, it
would show the action of the vessel and the force of its impulse. It
was designed in a mannerthat would enable the examination ofthe
pulse in relation to its force, regularity, and rhythm.
anditscharacteristics onexamination weretheonlymethods
of evaluating the pulse beat until the nineteenth century
when Jules Herisson invented the sphygmometer (Figure 3).
This instrument was composed of a graduated glass tube
containing mercury with a semiglobular steel ballat one end.
By placing the semiglobular end over an artery, the action
of the vessel and the force of its impulse could be shown.
This device was designed in a way that would make the
examination of the pulse in terms of its force, regularity, and
rhythm possible [59].
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Figure 4: Ludwig’s kymograph (wave writer): this device was able
for the ﬁrst time to graphically record hemodynamic measures.
The sphygmometer was the ﬁrst devicewith the capability
of showing the function of the heart and the arteries. Heris-
son in his book about his sphygmometer,f o rt h eﬁ r s tt i m e
argued that the sphygmometer was superior to the physi-
cians’ touch [60]. He described the sphygmometric ﬁndings
in diﬀerent valvular heart diseases like aortic, mitral, and
pulmonary valve stenoses [61]. This was the ﬁrst time that a
physician would associate objective ﬁndings of a device with
inner-body physiologic dynamics.
Twelve years later in 1847, Carl Ludwig, a German phys-
iologist, invented the Kymograph which was a device capable
of recording hemodynamic variables (Figure 4)[ 62]. Lud-
wig’s introduction of the Kymograph in the middle of the
nineteenth century greatly inﬂuenced the pace of cardiovas-
cular research in future decades.
In 1860, the French physiologist Etienne Marey re-
vised the previously invented sphygmometer and intro-
ducedhissphygmographwithgraphicalrecordingcapabilities
(Figure 5).
Theﬁrst formalstudyonthearterial pulsewavewasdone
by Marey with the help of his sphygmograph.H ed e p i c t e d
the diﬀerences in arterial pulse waveforms in the elderly and
youngeradults[63].Otherexamplesonstudiesofthearterial
pulse waveforms are Broadbent’s lecture on the pulse and
its characteristics during the examination [64], and an
observation of the pulse rate, temperature, and weight with
sphygmographic tracings performed on a man while heCardiology Research and Practice 7
Figure 5: Marey’s sphygmograph:this device had graphical record-
ing capabilities of the arterial pulse. Applying this device to the
wrist would record the motion of the arterial pulse and enable the
examiner to interpret rate and rhythm.
Figure 6: Mahomed’s sphygmograph: this device was a revised
form of Marey’s sphygmograph with an added screw. It was capable
ofmeasuringthe pressure needed to occlude the arterial wave along
its graphical recordings of the arterial pulse wave dynamics.
was walking a long distance by Mahomed (1849–1884 CE),
Broadbent’s student [65]. This served as a foundation for
studiesonthe eﬀectofambulation on hemodynamic param-
eters such as pulse rate. Mahomed revised Marey’s sphygmo-
graph by adding a screw, thereby making the measurement
of the pressure needed to occlude the arterial wave feasible
(Figure 6). He used his revised sphygmograph to study the
form and pressure of the pulse wave in several patients with
diﬀerent diseases [66, 67]. With the aid of his sphygmograph
he described high tension in the arterial system and was
the ﬁrst to describe essential hypertension and distinguish
it from hypertension caused by glomerulonephritis [68, 69].
In Figure 7, the graphical demonstration of the arterial pulse
wave in asymptomatic patients with arterial hypertension
is illustrated by O’Rourke [67]. Graphical recordings of
the pulse in the nineteenth and early twentieth century
permitted the arterial pulse to be studied as a wave and not
just an impact [66]. Hawthorne, an early twentieth century
physician made multiple observations based on his ﬁndings
of the arterial pulse wave using both instruments. He argued
that although at times the blood pressure ﬁndings may
seem to be contradictory using both instruments, these
two instruments were actually complementing each other
[70]. Several forms of arterial pulse were described based
on their sphygmographic characteristics in the twentieth
century,thatis,thewater-hammer pulse,thebisferienspulse,
and the anacrotic pulse [71]. Mahomed’s sphygmograph
with the capability of quantitatively recording the pressure
of the pulse wave led to the introduction of the sphyg-
momanometer in the late nineteenth century and the cuﬀ
sphygmomanometer by Postel-Vinay in 1896 [72]. With the
advent of Riva Rocci’s cuﬀ sphygmomanometer, graphical
tracing of the peripheral pulse wave gradually gave its place
to peripheral blood pressure recording [73, 74]. Pulse wave
tracing was diﬃcult and time consuming with often times
artefacts on recordings. On the other hand, the cuﬀ would
make the interpretation easier by just providing numbers
that would reﬂect cardiac strength (systolic pressure) and
arteriolar tone (diastolic pressure) [75]. A multitude of
parallel studies and observations were done on the three
major characteristics of the peripheral arterial pulse wave, its
velocity, its pressure, and its volume. These led to the initia-
tion of studiesin clinical pharmacology on the application of
certain medications on these physiologic parameters in the
current era.
Modern studies on the pulse wave and arterial hemody-
namics stemfrom thepioneering studiesoftheearly modern
era. Stephen Hales (1677–1746) in a series of papers called
“Statical Essays: Containing Haemostatics” presented his
contributions to the arterial hemodynamics before the Royal
Society. The following quotation from his third experiment
clearly shows the earliest studies on the mechanics of the
circulation:
“...Butthe systole of the ventricleduring which
that quantity of blood is propelled, being esti-
m a t e dt ob ed o n ei no n et h i r do ft h es p a c eo f
time between each pulse, the velocity of the
bloodduringeach systole will bethriceasmuch,
at the rate of 5211 feet, that is, 0.98 of a mile in
an hour, or 86.85 feet in a minute” [76].
Hales’s studies were followed by other scientists such as
Leonhard Euler who formulated quantitative measures of
the arterial hemodynamics. However, he was quite unsuc-
cessful in proposing a formula that could simply show the
relationship between the mechanical forces and the dynamic
measures of the arterial pulse wave [77]. The idea of viewing
the arterial pulse as a series of waves in a frequency domain
had been related to the Fourier’s heat wave transfer function
studies. Similarly, the time domain analysis and the method
of explaining the pulse mechanics with the characteristics of
single pulse units had originated from the earlier works of
Leonhard Euler (1707–1783). Euler’s tube laws for arteries
unsuccessfully tried to use a nonlinear form of conservation
equationstoexplain themechanics ofthe greatercirculation.
Years later, these were applied by Riemann to the time
domain theory of the pulse wave.
Crighton Bramwell a scientist in the early twentieth cen-
tury was ﬁrst to introduce the concept of pulse wave velocity
(PWV). He described the velocity to vary in proportion to
the arterial wall tension and the blood pressure and to be
an indirect measure of the arterial wall elasticity. Bramwell
and Hill introduced a simple formula by which the arterial
elasticity could be calculated from the PWV. With this
formula he found a positive correlation between PWV and
age and a negative correlation between arterial wall elasticity
and PWV [78].8 Cardiology Research and Practice
(a) Arterial pulse wave form in a man with arterial hyperten-
sion
(b) Arterial pulse wave form in a woman with arterial
hypertension
Figure 7: Graphical depictions of the arterial pulse wave form by
Mahomedinanasymptomaticmale(a)andfemale(b)witharterial
hypertension. Reproduced from [80].
Bramwell’s formula:
Velocity (m/sec)
=3.57/
√
% increase in volume/mmHg increase in pressure.
(1)
During the mid-twentieth century, studies on hemodynam-
icsofthearterial pulsewavewere followed by thegreatworks
of Womersely and Nichols et al. [79, 80]. It is evident that
with the advent of digital computers, Fourier’s frequency
domain analysis gained more popularity amongst scientists.
Computers made calculations of the series of pulse wave
transfer functions faster and easier. Taylor claimed that a
more proﬁtable approach had been made by using the
frequency domain theory [81]. However, as time passed,
again the time domain theory returned to studies on the
dynamics of the arterial pulse wave. O’Rourke has fully
described the application of the time domain analysis in
clinical medicine and has compared it with the frequency
domain. He has shown that modern analysis of the pulse
in the time domain supports its historical perspectives and
emphasizes the importance of arterial stiﬀening with age,
wave reﬂection, their eﬀects on the heart and their modiﬁ-
cation with therapy [82] .D e s p i t ea l lt h e s es t u d i e s ,t h e r ei s
still an ongoing substantial controversy on the best method
to be used in the clinical arena [83–85].
Since the invention of the plethysmograph by Schmitt in
the mid-twentieth century [86], studies of the pulse wave
have proceeded at a faster pace. Several methods have been
in the past ﬁfty years for the study of PWV, such as hot-wire
sphygmography, impedance plethysmography, applanation
(a)
ECG
(b)
Figure 8: (a) This graph illustrates time marker as the lowest line,
cardiogram tracing as the line above that, and femoral pulse waves
as the two top tracings. (b) Distance “a” represents the distance
between aortic arch and the position of the microphone over the
femoral artery “Reproduced from [91] with permission from BMJ
Publishing Group Ltd.”
tonometry,andrecordingthepulsewaveusingcrystalmicro-
phones [87, 88]. While both sphygmography and plethys-
mography can be used for monitoring the pulse wave and its
regularity, plethysmography can oﬀer more technical usages
including: peripheral oximetry, blood pressure monitoring
and assessment of the adequacy of peripheral circulation as
derived from the Allen’s test [89]. In the 1960s Simmons and
his colleagues applied a strain gauge plethysmograph to one
digit and with the help of an ampliﬁed electrocardiogram
recorded the resistance change caused by entrance of blood
into that digit. Pulse waves from eighty normal subjects and
patients with a variety of peripheral vascular diseases were
recorded and compared in this study. They suggested that
this technique could be of importance in the evaluation of
peripheral arterial disease and the atherosclerotic changes
of the peripheral circulation [90]. Crystal microphones
were primarily used for determination of PWV. A crystal
microphone would be applied to the groin over the femoral
artery and would convert the pulse wave sound to an electric
signal. Simultaneous EKG tracing would also be obtained
and displayed. The time lag between the peak of the EKG’s
R wave and the foot point ofthe pulse wave would be used to
calculatethePWV with inclusionofthedistance between the
two anatomical points of the patient’s body in the equation
(Figure 8)[ 91].
Woolam and his colleagues in 1962 used a crystal micro-
phone for recording the pulse wave. By applying two crystalCardiology Research and Practice 9
microphones, one to the wrist and the other to the carotid
artery they recorded the pulse wave and itsvelocity travelling
along the course of the brachial artery. They demonstrated
a higher PWV in diabetic patients. Other studies on the
velocity of the arterial pulse wave showed that higher values
are in a strong correlation with the atheroscleroticchanges of
the arteries [92, 93].
Gradually, studies of PWV changed from the peripheral
circulation to the more reliable studies on the central circu-
lation. Investigators started to study the pulse wave charac-
teristics of the abdominal aorta mainly because it was more
reliable, less variable, and more easily reproducible [93]. By
using plethysmography for recording hemodynamics of the
abdominal aorta, aortic PWV was found to be an important
surrogate for stiﬀness of the coronary vasculature; this was
conﬁrmedwith angiographic ﬁndings of thecoronary vessels
byKogureetal.1988andHiraietal.1989[94,95].Inarecent
meta-analysis of 17 longitudinal studies, Vlachopoulos and
colleagues have found that aortic PSW is an independent
predictor for all-cause mortality and cardiovascular out-
comes and that risk is especially higher in patients with
more baseline cardiac risks [96–99]. Recent studies suggest
diﬀerent eﬀects on central blood pressure compared to pe-
ripheral blood pressure by some antihypertensive medica-
tions [100]. There remains still a considerable debate on
which technology to use for prognostication. Future large-
scale observational studies are needed to answer this speciﬁc
question.
Asmar et al. in a study of 56 subjects compared a new
automateddevicewith manual calculationfordetermination
of PWV and found that the ﬁndings from the two were
very close and reproducible [101]. This ﬁnding led to the
development of three automated devices: Complior (Artech
Medical, Pantin, France), Sphygmocor (AtCor Medical,
Sydney, Australia), and Arteriograph (TensioMed, Budapest,
Hungary). Measuring PWV with Complior requires two
pressure transducers that would record carotid and femoral
pulse waves simultaneously. With calculation of the time
delay between the two points, the machine will be able
to provide an estimate for the velocity of the pulse wave.
Sphygmocor utilizes a two step approach for calculation of
the PWV with a single tonometer applied to femoral and
carotid sites one at a time along with simultaneous EKG
tracing. Arteriograph is a recently developed computerized
device using oscillometric methods to determine PWV. The
main principle used with Arteriograph is to record what is
called the “return time”. Return time is the time diﬀerence
in milliseconds between the ﬁrst wave and the reﬂected
systolic pulse wave when cuﬀ pressure is 35mmHg over
systolic blood pressure. Pulse wave velocity is then generated
from the return time and the distance travelled by the
wave. Arteriograph does not measure the time lag between
carotid and femoral impulse. Rajzer and colleagues have
compared the aortic PWV measured by these three devices
in 64 patients with Stage I or II hypertension and have
observed a diﬀerence in PWV derived from each method
due to diﬀerent estimation of the travelled distance of
the pulse wave [102]. Jatoi and colleagues in a study of
254 untreated hypertensive patients compared PWV derived
from Arteriograph with those of Complior and Sphygmocor
and found that although the Arteriograph values were in
close agreement with those of Complior and Sphygmocor,
the techniques are not interchangeable [103]. Other nonin-
vasive methods such as ultrasound and magnetic resonance
imaging have been also introduced for the measurement
of PWV [104–106]. Using ultrasound, aortic PWV was
found to be an independent predictor of cardiovascular risk
[107].
Doppler echocardiography with a high-resolution echo-
tracking system is also used to estimate arterial compliance
and augmentation index based on carotid artery diameter
change [104, 108, 109]. The development of echo-tracking
systems for estimation ofarterial compliance was inspired by
the work of Peterson and colleagues in 1960 who observed
that vascular diameter pulse waveforms agree well with the
intravascular pressure waveforms [110].
In contrast to applanation tonometry which can be
applied to a limited number of peripheral arteries, the arte-
rial distension waves obtained by echo-tracking systems can
be recorded from a variety of sites and has an advantage of
being very useful in obese patientsforwhom the applanation
tonometry method might not be easily used.
Pulse pressure, another important characteristic of the
pulse wave, has been studied extensively in more recent
years. Its association with cardiovascular outcomes and its
application in clinical pharmacologic studies are of clinical
importance. As mentioned previously, with the invention of
Riva Rocci’s cuﬀ sphygmomanometer in the early twentieth
century clinicians made important observations regarding
pulse pressure (pulsatile component of blood pressure)
which was ultimately found to be an important risk factor
for cardiovascular disease [111] .T h ep o s i t i v ea s s o c i a t i o no f
pulse pressure with aging and arterial stiﬀness has also been
scrutinized in several studies. The idea of this association
was ﬁrst brought about in the early nineteenth century by
O’Rourke and Madhavan et al. who both diagnosed arterial
stiﬀness by examining the characteristics of the arterial pulse
waveforms [112, 113]. The Framingham study is one of the
most important studies that has made seminal observations
about the variation of blood and pulse pressure in diﬀerent
age groups. Furthermore, brachial pulse pressure was shown
in diﬀerent outcomestudies to be a signiﬁcant risk for devel-
oping coronary and carotid events [114–116].
Other than the pulse pressure, both the systolic and the
diastoliccomponentshavebeenstudiedinrelation tocardio-
vascularoutcomes.Despiteearliermisbeliefthatonlysystolic
pressure is a predictor of outcome The Multi Risk Factor
Intervention Trial (MRFIT) showed that both are indepen-
dent predictors of cardiovascular outcomes [117].
Augmentation index (AI) as a measure of pulse pressure
was ﬁrst deﬁned by Kelly and his colleagues in 1989. They
deﬁned AI for each pulse wave as the ratio of height of the
peak above the shoulder of the pulse wave to the pulse pres-
sure using a micromanometer probe over the carotid and
radial arteries. They showed that the augmentation index
was in direct correlation with age [118]. Several studies have
shown an association between AIand increased cardiovascu-
lar risk [96, 119–121].10 Cardiology Research and Practice
Table 1:Instruments used fortheexaminationofthe arterial pulse.
Instrument Inventor
Clepsydra Herophilus (Third century BC)
Pulsilogy Santorio Sanctorius (Sixteenth-Seventeenth
century)
Pulse watch Sir John Floyer (Seventeenth-Eighteenth
century)
Sphygmometer Jules Herisson (Nineteenth century)
Kymograph Carl Ludwig (Nineteenth century)
Sphygmograph Etienne Marey (Nineteeth century)
Hemotachometer Karl Vierordt (Nineteenth century)
Plethysmograph Otto Schmitt (Twentieth century)
During the last twenty years, studies on the pathophysi-
ology of atherosclerosis have shown endothelial dysfunction
to play an integral role in the development of atherosclerosis
initspreclinicalstages.Endothelialdysfunction alsohasbeen
shown to be an independent predictor ofcardiovascular out-
comes [122, 123]. Assessment of ﬂow-mediated dilation of
thebrachialarterybyultrasonography,anothercharacteristic
of the arterial pulse wave and an indirect measure of pulse
wave volume and arterial stiﬀness, has been introduced as a
measureofendothelialfunction[124,125].Stiﬀnesshasbeen
shown to be partly under control of the endothelium, which
releases a number of vasoactive mediators. More recently,
a reliable, less intensive, and technically simpler method
of measuring endothelial dysfunction has been developed
called pulsatile arterial tonometry (PAT). Pulsatile arterial
tonometry isanoveltechniquetoassess nitricoxidebioavail-
ability and is less operator-dependent than ﬂow-mediated
dilation (FMD) for determination of endothelial function
and arterial stiﬀness [126]. This device measures reactive
hyperemia of the digits, which correlates with coronary
microvascular endothelial function [127, 128]. The presence
of coronary endothelial dysfunction is associated with lower
PAT values in patients without obstructive coronary artery
disease [127]. A linear relationship has been shown between
PAT and brachial artery FMD measurements in patients with
a variety of traditional risk factors [128].
Some of the most important instruments that have been
used for the examination of the pulse throughout the history
of medicine are listed with their inventors in Table 1.
5.Summaryand Discussion
Current knowledge of the arterial pulse has culminated from
the beliefs, observations, interpretations, dogmas, and the
rejection ofdogmasthroughoutthehistory ofmedicine.Our
intention with this historical review is to make the reader
appreciate how the understanding of the arterial pulse has
progressed over the centuries to the present time and give
the reader an insight for future developments.
In this paper, we describe the signiﬁcance of the arterial
pulseinclinicalpracticefromancienttomoderneras.Several
methodologies for the analysis of pulse wave and its charac-
teristics including velocity, pressure, and volume have been
discussed. These methods range from simple examination of
the arterial pulse by touch to more complex techniques and
devices that are being used and developed. Between all these
methods, the only practical devices that have been shown in
severalstudiestoimpactcardiac outcomesare cuﬀsphygmo-
manometer and noninvasive measurement of PWV. Despite
its known limitations including limited precision, the cuﬀ
sphygmomanometer has held its place in routine evalua-
tion and determination of arterial pulse pressure, globally.
Despite the fact that measurement of PWV is recommended
by the European Society of Cardiology as a prognostic
factor [129], there is still lack of convincing clinical data
to select and modify antihypertensive treatment based upon
this clinical parameter [101, 130].
Scientiﬁcprogressinarterialbiologyandphysiologycon-
tinuesatafasterpacewith thehelpofadvancedtechnologies,
designed by astute clinical observers, hypothesis-driven sci-
entists and technical innovators; this body of work will
certainly continue to grow and further our understanding of
the arterial circulation.
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